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Abstract 

Taking the MSSM as an effective low-energy tlieory, with a cut-off scale of a few TeV, can make 
significant modifications to the predictions concerning the Higgs and stop sectors. We investigate 
the consequences of such a scenario for electroweak baryogenesis. We find that the window for 
MSSM baryogenesis is extended and, most important, can be made significantly more natural. 
Specifically, it is possible to have one stop lighter than the top and the other significantly lighter 
than TeV simultaneously with the Higgs mass above the LEP bound. In addition, various aspects 
concerning CP violation are affected. Most notably, it is possible to have dynamical phases in the 
bubble walls at tree level, providing CP violating sources for Standard Model fermions. 
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I. INTRODUCTION 



One of the strongest tests of the minimal supersymmetric standard model (MSSM) comes 
from the fact that within this framework, the mass of the lightest Higgs is bounded from 
above. Actually, the experimental lower bound on the Higgs mass [l| violates the tree 
level bound and implies that, if the MSSM is indeed realized in nature, stop-related loop 
corrections to the Higgs mass play an important role. For these corrections to be significant, 
the stop sector is required to exhibit special features: at least one of the stop mass eigenstates 
should be rather heavy and/or left-right-stop mixing should be substantial. 

It is conceivable that additional new physics, beyond the MSSM, plays a role in particle 
interactions not far above the TeV scale. Model independent analyses of such scenarios were 
taken up m, fo~le. Refe. -d. ™ recently, by Dine, Se.be.g and Thoma. 

[DST] in Ref. [6|. DST extend the MSSM by adding non-renormalizable terms that depend 
on the MSSM fields and are subject to the symmetries of the MSSM. They find two such 
terms that could increase the Higgs mass comparably to what loop corrections with heavy 
or mixed stops can do. These works demonstrate the sensitivity of the mass spectrum of 
the MSSM Higgs sector to changes in the quartic coupling. 

Both the Higgs sector and the stop sector play a role in yet another interesting aspect 
of the MSSM, and that is the cosmological scenario of MSSM electroweak baryogenesis 
(EWBG) [7]. In this scenario, the two problems of the standard model baryogenesis - 
the fact that, with a single Higgs and taking into account experimental constraints on its 
mass, the electroweak phase transition (EWPT) cannot be strongly first order, and the 
fact that CP violation from the Kobayashi-Maskawa phase is much too small - are fixed 
by supersymmetric particles and their interactions. In particular, a light stop is crucial 
in making the EWPT strongly first order It is therefore interesting to ask how do 

the DST operators affect EWBG. In particular, since these operators allow - given a fixed 
Higgs mass - lighter stops, do they open up new regions in the MSSM parameter space for 
successful baryogenesis? 

In this work we focus on the EWPT and show that the parameter space required for 
a strong EWPT does indeed change qualitatively by DST operators. We discuss the im- 
plications of these qualitative features on the naturalness of the required parameter space. 
The various issues of calculating the baryon asymmetry of the universe (BAU) in a given 
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particle physics model are a subject of active research (see, for example, Q, 11, Q, Q)- 
We do not carry out, at this stage, a detailed explicit calculation of the BAU compatible 
with a low-cutoff MSSM, but rather point out several modifications by which the mechanism 
responsible for the produced baryon asymmetry may differ in the low-cutoff scenario from 
the renormalizable MSSM case. 

The narrowing EWBG-window in the MSSM parameter space has led many authors to 
study extensions of the SM and of the MSSM in this context. Some recent examples are 
Q, Q, 16, 17, 18 1 . In most of these works, new particle degrees of freedom which are 
added to the model modify the EWPT by actively participating in thermal processes. Some 
previous studies have also considered the effect of non-renormalizable corrections to the SM 



potential 
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21|. Our analysis differs from previous studies in that it considers the most 
general non-renormalizable correction to the MSSM scalar potential. We find that there is 
no need for the beyond-MSSM (BMSSM) physics to actively couple to the thermal plasma 
in order to get significant modifications to various aspects of the EWBG. 

The plan of this paper goes as follows. In Section [III we review the predictions of the MSSM 
for the lightest Higgs mass. In Section UTTl we give the modifications to these predictions due 
to the DST operators. In Section HVl we present the modifications to the finite-temperature 
one-loop scalar potential from the DST terms. Our main results are derived in Section |V] 
where we explain how the contributions of the non-renormalizable terms enlarge the window 
for MSSM baryogenesis and, in particular, relax the fine-tuning problem of this scenario. 
The effects of these terms on the CP violating aspects of MSSM baryogenesis are discussed 



in Section IVI[ first, the possibility of CP violating bubble wall profiles (Subsection IVI All 



and, second, the modification to neutralino and chargino currents (Subsection IVI Bp . We 



summarize our results in Section IVIII In Appendix |X] we clarify some subtleties related to 
substituting the dimensionful parameters of the Higgs potential with measurable quantities 
in the presence of the DST operators. 

II. THE LIGHTEST HIGGS MASS IN THE MSSM 

Within the MSSM, the lightest Higgs mass is bounded from above. We write 

2 2{tree) , 2(loop) n 
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The tree level contribution is given by 
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where the second, approximate equality holds for large tan/3. The most significant loop 
contribution is given by 
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where Xt = At - /i* cot /3. 

The current lower bound from LEPII is rnh^^^ ^114 GeV, well above the upper bound on 
the tree contribution, rn^^^^^^ < mz- This contribution by itself is maximized at moderate 
to large tan/5. The top-stop loop correction should be substantial. If stop mixing is small, 
\Xt/mi^^\'^ ^ 1, the correction depends only on the logarithm of the stop masses, so these 
must be rather heavy: 



{mi^mi,^^^'^ ~ mtexp 



3mf 



500 GeV X exp <^ 2.9 



114 GeV/ 



(4) 



If, however, stop mixing is large, much lighter stops can still yield large loop corrections. 



III. THE DST OPERATORS AND THE LIGHT HIGGS MASS 

DST consider the following two non-renormalizable terms j^: 

W-DST = ^{H^H.f + ^Z{H^H,)\ (5) 
where Z is s SUSY-breaking spurion: 

Z = O^rrisusy (6) 

The first term in Eq. ([5]) is supersymmetric, while the second breaks SUSY. In the scalar 
potential, the following quartic terms are generated: 

^-^HMHlH. + HlH,) - "^^{H^H.f. (7) 



We define 



The two terms in Eq. ([7]) contribute to the lightest Higgs boson mass as follows: 

2eir sin 2/3(m^ + m|) + cos^ 2l3{m\ — m|) 



— 2eir sin 2/3 



a/ (m^ — m|)2 + Ara\m\ sin^ 2/3 



~ -16i;^ei^ cot /3 „ ^ „ + 0(ei cot^ 13), (9) 
mj^ — m| 

where e^^ = 7^e(ej). Eq. ([9]) gives the leading e^-related shift to m/j, as long as cot /? ^ Cj. 
(Otherwise, 0{ef) corrections are equally or even more important.) 

DST give the following numerical example. Take m^-^ ^ — 300 GeV with small mixing, 
Xt ~ 0. Then, at moderate to large tan/3, we obtain rrih — 100 GeV. In the same 
small mixing limit, and taking conservatively rriA ^ rnz, the additional correction ([9]) can 
accommodate rrih > 114 GeV for ei^ cot /3 < —0.006 {e.g., eir = —0.06 and tan/3 = 10). 
Assume now that the right-handed stop mass is bounded from above: rrij^ < 170 GeV (the 
relevance of this bound to our purposes will become clear below). With ei cot/3 = —0.006, 
one obtains for the left-handed stop rrij^ > 530 GeV. We learn that the heavy stop mass is 
pushed quite high. Setting, however, ei = 0, would force it to much higher values: m^^ > 2 
TeV. Any further increase in the Higgs mass would correspond to an exponential increase 
in the heavy stop mass, implying fine tuning. 



IV. THE SCALAR POTENTIAL 
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The MSSM finite-temperature effective potential was calculated by several groups 



3, 
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26|, 



27|, 



28l . |29|, |30|. Two- loop results are significant in improving the one- loop 
calculations and, as demonstrated by non-perturbative analyses, provide a rather accurate 
description of the full result jsil . I32I ] . The qualitative changes that follow from adding the 
DST operators to the MSSM potential can, however, be well understood without the two- 
loop improvement. In fact, the effect which we find most significant is a zero-temperature 
effect which leaves the thermal computation all but idle. In this work we therefore employ 
the one-loop analysis. We leave a detailed quantitative discussion of the modified MSSM 



parameter space to more sophisticated, two-loop computations. 
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We represent the Higgs fields in the following way: 
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(10) 



with the VEVs (pi = (H^) and (j)2 = The DST terms, Eq. ([7]), contribute the following 

dimension-four (but effective dimension-five jcl) terms to the tree level effective potential: 



Vast = -2 + |02|2) [eiM2 + h.c] + [62 {^2? + h.c] 

The dimension-six terms, 

+ 102^, 



(11) 



C^ = |2ei//iri0i02p(|0iP 



are important if the quartic couplings b y th emselves destabilize the potential. This has been 



demonstrated for a SM-like Higgs 
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21] . We focus, however, on the case where the 



DST operators actually raise the quartic coupling above the level predicted by the MSSM. 
In this case, the dimension-six terms can be neglected if they are suppressed in comparison 
to the dimension-four terms: 

ei |0//i|^cot/? < 1. 

The dimension-six operators also enter the potential via field-dependent thermal corrections. 
In our case the leading high-temperature terms due to such corrections, which are absent 



otherwise, are of the form 



b'^T'^ _l_ 02^14 -J j^^g omit here numerical factors). For 
> 100 GeV, and within the temperature range of interest, these contributions are sup- 
pressed in comparison with the usual 0^T^ thermal terms which are accompanied by much 
larger coefficients. 

Including the DST terms of Eq. ffTTl) . the one- loop effective potential for the Higgs scalars 
at finite temperature is given by 



V = ml\<Pi\' + m?M^ - {ml,<Pi^2 + h.c.) + " (|^i 



+ 1021') [ei0i02 + h.c] + [62 (0102)' + h.c] 



i={dof} 
j={dof} 
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In 



E g[-?(0)--?(0,T)]. (12) 

j={sca} 



The first line corresponds to the tree-level MSSM terms. The second line corresponds to the 
tree-level DST contributions. The third line is the zero-temperature one-loop contribution. 
The summation goes over 



{dof } = {t, b, i,,2, bi,2, H,, H,, H,, Wt, Zt, 7t, Wl, ^l, 7l}, (13) 



with 



nt = Ub = -12, ni^^ = ni^^ = 6, 
riH, = riH, = 2, uh, = 4, 

= 4, = n^T = 2, tt-Wl = 2, nz^ = n^^ = 1. (14) 

Here Hf. and Ho refer to, respectively, the two CP-even and two CP-odd neutral Higgs bosons; 
He are the charged Higgs bosons; sub-indices T and L stand for, respectively, transverse and 
longitudinal. The fourth line is the finite-temperature contribution. The Jj functions are 
defined by 

POO 

Ji{r)= dxx'\n[l-{-lf'^e"^-]. (15) 
Jo 

The last term corresponds to daisy improvement. The masses mf{(f),T) are the field- and 
temperature-dependent eigenvalues of the mass matrices with first-order thermal masses 



included. We use the conventions of Ref. 24], where the reader is referred to for further 
details. The summation is over 

{sea} = {ti,2, &i,2, H,, Ho, H,, Wl, Zl, 7^}. (16) 

V. THE ELECTROWEAK PHASE TRANSITION 

The most important effect that we find comes from the tree level change in the quartic 
couplings of the scalar potential of Eq. f|T2l) . The most significant consequence of this effect 
is that it allows a strongly first-order EWPT with a relatively light ti. In this section, we 
analyze this effect. 

The region in MSSM parameter space which is compatible with a strong enough first-order 



phase transition (the MSSM window) has two distinctive characteristics (see 33|, [SJ, l35|] and 
references therein): 
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1. A light, (mostly) right-handed stop: 



rrit^^rnt] (17) 

2. A light Higgs, close to the LEP lower bound: 

m,, ^ 115 GeV. (18) 

In order to understand how this window is affected by the DST operators, we now explain 
how these constraints come about. 

The condition for the sphaleron processes in the broken phase not to erase the baryon 



asymmetry that is produced along the expanding bubble wall reads [36] 

^^1- (19) 

Here Vc = v{Tc) and Tc are the Higgs VEV and the temperature at the instance in which the 
symmetric and the asymmetric vacua become degenerate. The normalization is such that 
vo = v{T = 0) = 174 GeV. 

The light stop constraint, Eq. (1171) . comes from the need to reduce thermal screening 
for at least one scalar which has a large coupling to the Higgs field jsl, 9]. EW precision 
measurements can be accommodated more easily if this light stop is dominantly 'right- 
handed'. Let us focus on the case of large but finite m\ ^ m|, relevant to the analysis 
of Ref. 6|. The minimization of the potential reduces in this case to a one dimensional 



problem [Sl, l37|, yielding 



Here E is the coefficient of the cubic (barrier) term, and A is the effective quartic coupling 
for the light Higgs. If the soft mass-squared of tji is chosen negative such that it cancels 
exactly the thermal mass at the critical temperature, one has 

E ^ — — — ^ — . (21) 

For small stop mixing, X^/itLq <^1, E can be of order 0.1 and thus an order of magnitude 
larger than the SM contribution due to transverse gauge bosons, Esm ~ 0.01. Eq. fl2T]) biases 
the MSSM window towards small stop mixing regions. Most importantly, the requirement 
of negative forces mj^ < rrit. Within one-loop analysis, one must in fact impose a rather 



strong constraint, mfj ~ — (80 GeV)'^ or equivalently rrij^ ~ 150 GeV, to obtain a strong 
enough PT. 



Two-loop calculations (see, for example, |27l . l33l . l37l | and references therein) extend the 
window by correcting Eq. ( l20l) : 



E C2 
where C2 is the coefficient of the generic two-loop correction, 

Eq. ( l22l) explains how two-loop corrections make room for some stop mixing and relax 
the upper bound on mfj. However, sizeable positive values of mfj or large mixing are still 
forbidden, as they directly decrease E. In addition, the effective quartic coupling A remains 
in the denominator of fl22|) . 

The light Higgs constraint, Eq. (fTSj) . can also be understood from the previous discussion. 
Since A is proportional to the zero temperature value of the Higgs mass-squared (up to a weak 
logarithmic dependence which distinguishes A of Eqs. ( 120)1221) from the zero-temperature A), 
A ~ m1/{2vQ), the constraint of a light Higgs turns out to be a zero-temperature effect in 
the MSSM. 
In fact, Refs. 
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33( 1 note that the requirement of a light Higgs in the MSSM window 



does not arise directly from the two-loop thermal calculation. Instead, it is a consequence 
of the theoretical "upper bound" mj^ < TeV, coming from fine-tuning considerations. The 
question is how can an increase in the Higgs mass above the LEP bound be accounted for 
in the MSSM, where the stop-Higgs relation of Eq. (jlj) holds. Within the MSSM window, 
that is when Eq. (fT7|) is obeyed, a corresponding (exponentially large!) increase of mj^ 
is required. In contrast, outside the baryogenesis window, the task can be shared among 



the two stops. Two-loop analyses [26|, |33| show that this naive argument is qualitatively 
correct, though quantitatively the bound is somewhat weaker than what follows from Eq. 
dl]). Within the MSSM window, they obtain 

niQ ^ 100 GeV x exp [0.11 {mh[GeV] - 85.9)]. (23) 

This strong constraint implies, for example, that in order to account for ruh ~ 120 GeV, one 
must take mr ~ 4 TeV within the MSSM window, while outside this window one can have 
mr ~ mr ~ 680 GeV, a much less fine-tuned situation. 

tL tfl ' 
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This is the point where the effect of the DST corrections (Q is most significant. The 
DST operators modify the quartic couphng at zero-temperature, and consequently the task 
of stabihzing the potential can be shared between them and the stop sector. This adds a 
new twist to a well-recognized fact: The smallness of the quartic coupling in the tree level 
MSSM makes the spectrum extremely sensitive not only to quantum corrections but also 
to non-renormalizable contributions. However, in contrast to the loop corrections which 
require in this case a strong fine tuning,^ the low-cutoff corrections relieve this tuning by 
allowing a light soft mass for the stop [38]. We demonstrate this effect in Fig. [H where we 
plot curves of constant ei in the rrih — mq plane. For the purpose of illustration, we use 
vanishing stop mixing, Xt = 0, and a light right-handed stop, m^^ = 150 GeV, consistent 
with a strongly first-order EWPT at one-loop. One learns from this figure that even a 
modest non-renormalizable correction, eir ~ —0.05, suffices to reduce fine tuning in the 
Higgs sector by two orders of magnitude, making a sizable part of the traditional MSSM 
window significantly more natural. 

In Fig. [2] we evaluate the one loop potential, in order to support our statement that the 
opening of the MSSM window for a lighter left-handed stop is a zero-temperature effect. We 
present in the figure the order parameter v{T) = a/|0iP + 102^ at the true vacuum as a 
function of temperature for different values of e. (Notice the first-order nature of the EWPT, 
even at one loop, for the selected set of parameters.) Keeping the left-handed stop heavy 
and decoupled, we see that the effect of varying e is mainly to shift the resulting values of 
the critical VEV and temperature such that (vc/Tc) ■ ml ^ const. This confirms the simple 
expectation of Eq. (1201) . and shows that a change in Vc/Tc due to the DST operators is simply 
a result of the zero-temperature change in Higgs mass. Two-loop and lattice calculations 
then imply that a strongly first-order EWPT can occur even if rrih is well above the LEP 
bound. 

Let us conclude this section by summarizing the qualitative picture that arises from our 
analysis. The main results can be understood from Eqs. (|T9l) and (l20l) . The resulting 
constraints on the relevant supresymmetric parameters can be schematically presented as 
follows: 

Given that there is an experimental lower bound on A, the requirement of strongly first order 
EWPT translates into a lower bound on E which, in our framework, requires m^^ to be within 
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the narrow range between the lower bound (coming from direct searches and/or the require- 
ment that there is no color breaking) and (roughly) rrit. Since E does not dpened directly 
on ej, this constraint is hardly affected by extending the MSSM with non-renormalizable 
terms. Thus, the main effect of ej is that it can be combined with m^^ to render A close to 
the lower bound (with m^^ almost fixed). In particular, negative values of ei allow lower 
values of m^^ compared to the MSSM. This is the content of Fig. [H We expect other, 
smaller effects, on the allowed range of tan/3 and Xt, but to quantify them we need the full 
two-loop calculation. 



VI. CP VIOLATION 



The non-renormalizable terms affect not only the phase transition, but also the CP vio- 
lation that is relevant to baryogenesis. First, they induce CP violating bubble wall profiles 
and by that allow the third generation fermions to directly produce some baryon asymmetry. 
Second, they modify the chargino and neutralino currents. These two effects are described 
in the two respective subsections. 



CP violation in bubble wall 



In the tree level potential of the MSSM, the ml and parameters are real, while the 
771^2 parameter can have an arbitrary phase. However, one may use global field redefinitions 
to make ^^al and positive. In this basis, 0i and 02 are real and positive throughout the 



phase transition. Thus one arrives at the well 
CP violation in bubble walls is insignificant 39 



mown conclusion that, within the MSSM, 



40 



4l| (see, however, |42l|). 



Adding the DST operators changes this picture. Let us define 



tan/3 = |0i/02|, s = sin /5, c = cos /3, 



(25) 



Note that v and (3 (and 6) parameterize the VEVs at the /ini^e-temperature vacuum. The 
phase dependent part in the tree level potential is 



[{ml, + 2v\) e~'' - e2vhce-^'' + h.c] v^sc. 



(26) 
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In contrast to the MSSM scenario, it is not possible - even at tree level - to globally define 
the phases of (pi such that the coefficient in square brackets in Eq. fl26l) is maximized for 
varying v. During the PT, the phase of 0i02 aligns dynamically, inducing an energy gap 
between left and right chiral components of fermions [39] . This situation resembles the case 



of the two-Higgs doublet model [17|. It is different from the MSSM scenario in that, for 
example, the BAU can be generated through top or tau rather than chargino or neutralino 
currents. 

The produced BAU due to a varying complex phase in the bubble wall is proportional 
to an integral over the gradient of the phase across the wall. To find the dynamical phase 
profile requires obtaining the tunneling solution, as in [41]. Here we use Eq. f l26p to estimate 
the total variation of 6 between the symmetric and broken vacua, based on potential energy 
alone. Let us neglect for now the effect of €2- In this limit, 6 is given by 

= arg (m^2 + 2f^ei). 

Adopting a basis for the symmetric vacuum in which 171(2 ^^al and positive, we get, to 
leading order in ei, 

^ 2eii (—] tan/3 (27) 
\mAj 

We substitute here ~ sin 2/3, which holds at tree level and to zeroth order in e (see 
Appendix lAl). Note that our approximations here and in Section HIT] hold for {mA/vo)^ > 
2etan/?. Thus the phase cannot be large, A6 < 0.3. 

The tree level CP violation at the bubble walls triggers some amount of baryogenesis, 
through varying complex phases in the field-dependent masses of SM particles, like top and 
bottom quarks or tau leptons. Which of these plays the most significant role depends on 
the specifics of the scenario under consideration, particularly the value of tan p. 



B. SUSY particle currents 

In the renormalizable MSSM, mass eigenmodes in the chargino and neutralino sectors 
develop time- varying complex phases due to the variation of EW breaking, real, off-diagonal 
terms in the associated mass matrices. CP violation is provided by complex-valued SUSY 
and soft SUSY-breaking parameters. DST operators affect this computation, even in case 
that they do not introduce any new phases. 

12 



We continue to use the parametrization of Eq. fl25l) . The neutrahno N and the chargino 
C mass matrices get contributions from the dimension-five DST operator [6]: 



2{H^H,){HM + 2iH^H,){HM + {H^Ha){H^Ha) + (HMiHM + h.c, (28) 



arising from the superpotential of Eq. ([5]). In the gauge eigenstate basis, one obtains 43|: 
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(29) 



(30) 



yOly 



Apart from modifications of the spectrum, the DST corrections introduce position depen- 
dence into the H — H entries of the matrices. Position dependence of the diagonal elements 
is by itself a new effect. The gradients of DST-induced entries are, however, suppressed by 
factors of (9(e0//i), small compared to the usual suppression of 0{g). 

VII. DISCUSSION 



The tree-level renormalizable scalar potential of the MSSM yields an upper bound on 
the mass of the lightest Higgs boson which is experimentally known to be violated. Loop- 
corrections involving the top quarks and squarks can (still?) relax the theoretical bound 
sufficiently, at the cost of some fine-tuning. Non-renormalizable terms, suppressed by a cut- 
off scale in the few TeV range, can similarly relax the bound without, however, fine-tuning 
6j. We analyzed the consequences of such beyond-MSSM (BMSSM) effects on electroweak 
baryogenesis (EWBG). We find that, even in this regime, the non-renormalizable terms may 
easily alter some of the principal features of the so called "window" for EWBG in the MSSM. 

In particular, the fine-tuning that arises if the required increase of the quartic Higgs 
coupling is attributed solely to stop-related loop corrections, becomes quite strong in the 
MSSM window for baryogenesis. The reason is that, to have a large enough cubic term in the 
scalar potential as necessary for strongly first-order phase transition, the mass of the lighter 
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stop must be below the top mass which, in turn, requires that the heavy stop mass is in the 
few TeV range. In our framework, however, the task of increasing the quartic couphng can be 
shared between the stop-related loop-corrections and the non-renormalizable contributions. 
This allows a strongly first-order phase transition simultaneously with a Higgs mass above 
the LEP bound with the heavier stop mass well below TeV. Thus, the MSSM window is 
extended and, most significantly, made natural. 

Additional relevant consequences of the non-renormalizable terms concern CP violation. 
The new operators provide new sources of CP violation. These make a qualitative change 
in the picture of CP violation. Unhke in the MSSM, it is impossible in general to choose 
a phase convention whereby the relative phase between the two Higgs VEVs vanishes all 
along the bubble wall. The interactions of the third generation fcrmions - top, bottom 
and tau - with the bubble wall could thus contribute significantly to the generation of the 
baryon asymmetry. Finally, the chargino and neutralino currents, which within the MSSM 
are usually responsible for the baryogenesis, are modified in a qualitatively interesting way, 
though the quantitative effects are parametrically suppressed and may turn out small. 

We conclude that BMSSM effects, which may become necessary to give a consistent 
picture of the Higgs and stop sectors, can play a significant role also in supersymmetric 
baryogenesis. In particular, the BMSSM window for baryogenesis allows for parameters 
that are significantly more natural than those of the MSSM baryogenesis. 
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APPENDIX A: SUBSTITUTING mf,m|,m 
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The effective potential of Eq. (fT2|) depends on three dimensionful quantitities: m\,m\ 
and mfg- These parameters need to be replaced by measurable quantities, for which we 
choose mziTnA and tan/? at the zero-temperature vacuum: 



m 



12 



1 2 2 2 '^g^^fAtfl , 2 2 \ '^g'^^h^bfJ' 2 2 

- 26,,.; + 2e2.^ s^, + 32^2,2 ^2^ ^Kv + 39^2.2^2 . ^(^^,^ ^ji. 



g{ml,ml) 



m2[ln(m2/Q2) _ 1] _ m2[ln(m2/Q2) _ 1] 



2 2 



771^2^^11/^ ~ I^'^\c2i3 + 2eirf^(tan/5 + S2/3) — 2e2r'y^s 
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/3 



1 
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i={dof} 



mf(0) dmf{(p) 



In 



771^2 cot /5 + -m^C2/3 + 2eirf (cot /5 + S2/3) - 2e2rf c; 
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- 1 



(Al) 



The values of v,(3 in Eqs. ( lAip refer to the zero-temperature vacuum. 

The basis in which we define the phases of e above is defined by having ^^al and 
positive. Adopting the conventions of Eq. (!25l) . the ^-dependent part in the tree- level 
potential is approximately given by 



2v^ cot /5 ■ Tie 



m 



12 



+ 2ei — cot /9e2e 



(A2) 



For m\2/v'^ ^ 2e, there is a small ^ solution which minimizes (jA2]): 

„,2 







{2eii - cot /9e2i 



12 



to leading order in e. For this solution, we can treat 0i,2 as positive numbers and replace 
the real part in (IA2p by absolute value: 

- 2m^20i02 - 4eir (0i + ^a) M2 + 2e2r0?02) 
which is used in Eqs. ( lAll) . 
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FIG. 1: The soft SUSY-breaking mass of t^, mg, versus the hght Higgs mass, nifi, for various 
values of ei. Other relevant parameters are fixed at Xt = 0, rrij^ = 150 GeV, niA = 300 GeV and 
tan P = 4. The gray line marks the LEP lower bound, mh = 114 GeV. 
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VEV normalization; v^_q=174 GeV 
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FIG. 2: The Higgs VEV at the lowest minimum as a function of temperature for various values of 
nih, ei and £2- Other relevant parameters are fixed at Xt = 0, nij^ = 150 GeV, mg = 500 GeV, 
niA = 300 GeV and tan /J = 4. The different sets of {nih, €1,62) all yield the same m\{vc/Tc) to 
within about 5%. 
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